Photocatalytic anatase TiO 2 nanowire thin films have been prepared by in situ oxidation of Ti plate in a mixture solution of concentrated H 2 O 2 and NaOH, followed by proton exchange and calcination. The morphologies and properties of the titanate and titania films have been investigated by means of field emission scanning electron microscopy, energy-dispersive x-ray spectrometry, high resolution transmission electron microscopy, x-ray diffraction and Raman spectrometry. The mechanism of formation of the porous microstructure has been discussed; it is the result of the balance between dissolution and precipitation. And sodium ions in the solution are needed to combine with titanate species for the nanowire formation. The anatase TiO 2 nanowire thin films exhibited enhanced photocatalytic activity and stability in phenol degradation. The combination effects of the porous morphology and nanowire characteristics are favorable for improved photocatalytic performance. This novel nanowire film is promising for practical aqueous purification.
Introduction
Titania is one of the most attractive functional materials with fascinating properties in diverse fields. One practical application of titania is in photocatalytic degradation of organic pollutants [1] [2] [3] [4] . However, immobilization of TiO 2 is a crucial process for application in aqueous purification to avoid complicated separation [4] . Sol-gel dip coating with surfactant template additions is one of the general strategies used to prepare nanoscale one-dimensional TiO 2 films [5] [6] [7] . However, it is not easy to obtain a large scale film and the photocatalytic activity of the film is always unsatisfactory for practical application. In the past decades nanoscale onedimensional (1D) materials have attracted growing interest due to their unique structure and properties such as increasing surface-to-volume ratio [8] [9] [10] [11] [12] . The high surface area of 1D TiO 2 nanostructure films brought about by the small 3 Authors to whom any correspondence should be addressed.
particle size is beneficial to many TiO 2 -based functional materials.
TiO 2 films with 1D nanostructure, such as nanotube, nanowire, nanobelt, nanofiber structures, have found extensive applications in the sensor [13] , solar cell [14] , water splitting [15] , aqueous purification [16] and self-cleaning surface areas [17] . Moreover, in the past few years a large number of approaches have been successfully applied for synthesizing 1D TiO 2 nanostructure films, for example, anodic oxidization Ti foil [15] , direct oxidation of titanium with hydrogen peroxide [18] , low temperature hydrothermal hydrolysis of TiCl 3 [17] , and employing aluminum oxide nanotube templates [19] .
Hydrothermal treatment of TiO 2 in an alkaline solution is a well developed way to prepare titanate nanotubes [20] and nanowires [21] .
It has been revealed that higher alkaline concentration, longer time and higher temperature are favorable for obtaining titanate nanowires. Compared with nanotubes, nanowires are more stable at high temperature and in acid or alkaline solution [22] . However, titanates always exhibit lower photocatalytic activity due to their wide band gaps and significant recombinations [23] . Proton exchange and subsequent calcination are necessary to produce titania phases with better photocatalytic performance.
Recently, Chi et al reported a direct synthesis of titanate nanotube film by hydrothermal treatment of Ti substrate in concentrated NaOH at relatively high temperature [24] . Mao et al reported micrometer scale sea-urchin-like structures synthesized by a modified hydrothermal method in the presence of a little hydrogen peroxide [25] . However, to the best of our knowledge, there is no report of photocatalytic titania films obtained from low temperature oxidation of metallic Ti plates in concentrated H 2 O 2 and NaOH. Herein, we investigate the synthesis of titanate nanowire via low temperature oxidation of metallic Ti plates, followed by proton exchange and subsequent calcination to obtain anatase TiO 2 thin film with enhanced photocatalytic performance.
Experimental details

Sample preparation
Ti plates (cold-rolled Ti plates, 99.5% in purity, Institute of Iron & Steel, Shanghai, China) with sizes of 2 × 2 cm 2 were treated by sonicating in ethanol, and pickling in a 5 wt% oxalic acid solution at 100
• C for 2 h, followed by rinsing with deionized water and drying in an air stream. A cleaned and homogeneous coarse surface of Ti plate was obtained to improve the film attachment. Each piece of cleansed Ti plate was soaked in a mixed solution of 16 ml H 2 O 2 (30 wt%) and 16 ml NaOH (10 M) in a Teflon-lined stainless steel autoclave. The autoclave was maintained at 80
• C for different times. After the autoclave cooled to room temperature, the Ti plate was rinsed gently with deionized water and dried to obtain the product, which was denoted as T-t (t is the reaction time in H 2 O 2 and NaOH solution). Then the as-prepared Ti plate was protonated through two cycles of ion exchange in 50 ml 0.1 M HCl for 2 h, and subsequently taken out, rinsed to neutral with deionized water, dried at 80
• C for 1 h, and finally calcined at 400
• C for 1 h. And the resulting samples were obtained and designated as AT-t. The experimental procedure is shown in figure 1.
Characterization
Surface morphology was observed using a field emission scanning electron microscope (FE-SEM, FEI SIRION 200) with an attached energy-dispersive x-ray spectrometer (EDX, INCA OXFORD). The samples were sputtered with a golden layer to improve the electrical conductivity before the SEM examination. High resolution transmission electron microscopic (HRTEM) studies were performed on a JEM-100CX model operating with a 300 keV electron beam. The samples for TEM were the powders scraped off from the plate or collected from the reacted solution, which were then ultrasonically dispersed in ethanol and dripped on the grid. The crystals of the films were analyzed using powder x-ray diffraction (XRD) measurements made with a Rigaku D/max-3B diffractometer with Cu Kα radiation, operated at 40 kV, 36 mA (λ = 0.154 056 nm). The Raman spectra were obtained with a Raman microscope system (InVia Renishaw Raman, Renishaw) using an Ar-ion laser at 20 mW (514.5 nm) for excitation. The Raman-scattered light was collected, dispersed and detected by a CCD camera with a spectral resolution of about 6 cm −1 .
Photocatalytic measurement
The photocatalytic activity of the films was measured by the degradation of phenol in an aqueous solution. Two pieces of as-prepared Ti plates were applied in the degradation of 50 ml phenol solution with an initial concentration of 20 mg l −1 . A 1000 W xenon lamp was employed as the light source, and the incident light is about 120 cm above of the phenol solution, and the Ti plate is placed on a net bracket, approximately 2 cm below the liquid surface. A full arc was employed, and the average intensity of UV part in the wavelength range of 320-400 nm was measured to be about 8 mW cm −2 (model UV-A, Beijing Normal University, China). The solution was stirred continuously by a magnetic stirrer. Before switching on the lamp to start the photocatalytic reaction, it was stirred for 0.5 h to reach an adsorption balance. Samples were taken at regular time intervals. The concentration of phenol was monitored by modified colorimetry with a UNICO UV-2102 spectrometer as described in [26] . A control test of phenol photodegradation was done over an original pickled Ti plate.
Results and discussion
There is much attention paid on the corrosion behavior of metallic Ti over H 2 O 2 , because it is important for harmless biomedical implantation and resistant pulp bleaching equipment [27] [28] [29] . It has been reported that amorphous hydrated titania porous film can be obtained via direct oxidation of metallic titanium plate with hydrogen peroxide [29] . And the corrosion oxidation rate can be enhanced when exposed to alkaline hydrogen peroxide [28] . In this contribution, by direct oxidation of metallic Ti with concentrated H 2 O 2 and NaOH for relatively short reaction times at low temperature, a nanowire film was fabricated on Ti plate surface. The surface morphologies of Ti plates after being soaked in an autoclave in a mixture solution of concentrated H 2 O 2 and NaOH for different times are shown in figure 2 .
It is noted that small cavity formed after treatment for 1 h ( figure 2(a) ). However, the nanowire is thin and the network structure is not obvious, and large parts of the surface retain non-destroyed metallic Ti. This can be supported from the results of Raman spectroscopy, as shown in figure 3(a) . There is no peak after 1 h treatment, which indicates that negligible oxidation has occurred on the surface of Ti plate. With increase of treatment time, the cavity is enlarged and the diameter of the nanowires widened. The network is fully developed after 6 h reaction ( figure 2(c) ). The EDX analysis showed that there is sodium present, as well as Ti and O (figure 4). It can be established from the laser Raman findings that the nanowire film is sodium titanate. From figure 3(c) , all of the bands are quite similar to the reported Raman data for titanates [23, 30, 31] . The band at 280 cm −1 can be ascribed to the Na-O-Ti stretching vibration [31] ; the peaks at about 450 and 600 cm −1 are assigned to the Ti-O bending and stretching vibration involving sixfold-coordinated titanium and threefold-coordinated oxygen [32] ; the band at 894 cm
can be assigned to the stretching modes of Ti-O stretching vibration, involving non-bridging oxygen that sticks out into the interlayer space [30, 31] . These Raman features of the nanowire film can be regarded as a reflection of the sixfoldcoordinated layered trititanate structure. And with prolonged treatment, the Raman bands have not varied obviously. This indicates that with increase of the reaction time, the films keep the trititanate materials but alter their surface morphologies.
High magnifications of the film after 6 and 24 h reaction are shown in figure 5 . The diameter of the nanowire for 6 h treatment is about 45 nm, and increases to approximately 59 nm after 24 h treatment. The pores are widened and deepened with increasing reaction time, and nanowires stuck and interweaved together. Many ramifications existed on the same nanowire, just as for a plant root. Finally a hierarchical porous structure with macropores and mesopores comes into being on the Ti plate surface.
The titanate nanowires are stable and keep the 1D microstructure after being calcined at 400
• C for 1 h ( figure 6(a) , designated as TC-24).
The XRD pattern ( figure 7(b) ) shows that the film on TC-24 is not titania but a complex titanate phase. The EDX spectrum in figure 4(b) also confirms that the film contains elements Na, Ti and O. However, it is well known that the photocatalytic activity of titanates is low due to their high band gaps and significant recombination of photogenerated charges [23, 33] . To obtain in situ a titania nanowire film, the Ti plate oxidized in a H 2 O 2 and NaOH solution has been subsequently protonated in HCl solution. The titanate nanowires are converted into the protonic species. The EDX analysis shows that only elements Ti and O are present ( figure 4(c) ). This confirms the absence of sodium on the surface of the sample. And then the protonic titanate film was calcined at 400
• C for 1 h to obtain a titania nanowire film, whose morphology and crystal structure have been analyzed by SEM, XRD and Raman. Figure 6(b) shows that the film still keeps a porous nanowire structure, but a little more packed than the precursor network. This must be the effect of calcination at high temperature, for an even worse phenomenon can be observed for the calcined titanate nanowire film. XRD spectra of the treated Ti plates with and without asprepared films are shown in figure 7 . From the figure 7(a) [34] . Therefore, after being protonated and calcined, the sodium titanate nanowire film on the Ti plate has converted into an anatase TiO 2 nanowire film. This is a facile approach for large scale production of TiO 2 nanowire from metallic Ti substrate.
The photocatalytic activity of as-prepared nanowire films was investigated, employing phenol as the model organic pollutant. The result is shown in figure 9 . In the presence of the original Ti plate, about 18% of phenol was reduced after 2 h of full arc irradiation. The reduction of the phenol can be understood via the effect of phenol photolysis under the UV irradiation [35] . The calcined sodium titanate nanowire thin film, a fully developed titanate nanowire after 24 h reaction in the alkaline H 2 O 2 solution, exhibits low photocatalytic activity. The improved phenol removal efficiency must be ascribed to the UV irradiation being powerful enough to excite the transition of titanates (about 360 nm). However the activity is restricted by the significant recombination of titanates [29] . It can be noted that the anatase nanowire films possess enhanced photocatalytic activity. AT-24 is the best one and the phenol removal is as high as 76% after 2 h irradiation. The excellent photocatalytic activity must be attributed to the synergetic effect of the hierarchical porous anatase structure [36] and the 1D nanowire shape [37, 38] . Initially, the nanowire network does not develop totally, and there are fewer titania species on the surface of AT samples. With prolonging reaction time in the alkaline H 2 O 2 solution, the network system develops better, and thicker titanate nanowires come into being, like the titania nanowires after proton exchange and subsequent dehydration treatment. Therefore the photocatalytic activity increases with reaction time. However after the microstructure develops, there is not much difference in photocatalytic activity of the AT samples (AT-12, AT-24, and AT-48). Figure 10(a) shows the HRTEM image of the powers scraped off from AT-24; nanowire structure rather than nanotubes can be clearly observed. The mechanism of formation of titanate nanowires using TiO 2 as starting materials, by high temperature hydrothermal methods, has been discussed widely [31, 39] . And the basic principle for Ti corrosion in alkaline H 2 O 2 solution has been discussed [28] . A dissolution and precipitation mechanism is proposed for the formation of the titania nanorod via direct oxidation of the Ti plate by H 2 O 2 [40] [41] [42] . However these mechanisms should be altered for the formation of the trititanate nanowire film in the concentrated H 2 O 2 and NaOH solution. The primary oxidant in the solution is ascertained as OOH − [29] , which is formed according to the reaction (1), and the process can be accelerated in alkaline solution:
Initially, the Ti peroxy gel (Ti (IV)O   2+ 2 ) comes into being through oxidization of metallic Ti by the OOH − [29] . And it can be decomposed and produces amorphous hydrate titania by reaction (3) in an exclusive H 2 O 2 solution [40] :
However, in the alkaline solution, the reaction (4) is accelerated, and titanate species (HTiO − 3 ) are created [32] . Many evolving bubbles indicate that the reaction is prompted. The amorphous species combine with sodium ions to form amorphous layered sodium titanate, as describe in reaction (5) . Moreover, the suspending materials in the resulting solution have been gathered, and the morphology is observed as nanowire sheet via TEM ( figure 10(b) ). Its XRD pattern is shown in the inset of figure 10(b) ; the low intensity must be attributed to the poor crystallinity of these intermediate substances. And the obvious peaks at 10.8
• , 24.8
• and 48.1
• are close to the reported data for Na 2 Ti 3 O 7 (JCPDS 14-85); this is direct evidence for the existence of titanate intermediates in the solution:
The above reactions induce dissolution and corrosion of the titanium plate. Simultaneously the precursor amorphous trititanates formed in the solution will deposit on the Ti surface. Because of the higher dissolution rate and trititanate concentration, the sheet cannot roll and form a nanotube structure. However, the amorphous trititanate sheets accumulate and crystallize along one direction to decrease the surface energy. At the same time, the rapid deposition process is disturbed by the bubbling and dissolution process; therefore some pores are produced. Finally, following the balance between corrosion and deposition, a curved and interweaved nanowire network of titanates with hierarchical porous structure comes into being on the Ti substrate. The necessity of sodium hydroxide for the nanowire formation has been confirmed by a contrast test employing ammonia aqueous solution (25%) as an alternative to the alkali. The surface morphology of the Ti plate is shown in figure 11 . There is no nanowire or nanorod microstructure formed on the surface. This indicates that in this case the amorphous titania but not layered titanate was formed during dissolution, and the higher deposition rate due to accelerated corrosion resulted in an amorphous titania film [40] . It is reported that with heat post-treatment of the protonic titanate nanowires, TiO 2 (B) or TiO 2 anatase, 1D shape can be obtained [21, 22, 43] . Layered titanate nanostructures with alkali ions are made of [TiO 6 ] octahedra with shared edges and corners. After proton exchanging with HCl and subsequent washing with deionized water, alkali metal ions are replaced by protons and keep the same geometric [TiO 6 ] octahedron. During thermal treatment, protonic titanates with layered crystal structure intercalated with protonated water molecules are dehydrated in situ and crystallized with the same 1D shape. In our case TiO 2 anatase nanowire film is obtained finally. Normally anatase TiO 2 has better photocatalytic activity than monoclinic TiO 2 (B) and rutile phase. The stability of the sample was evaluated by recycling experiments. Figure 12 shows the recycling runs of phenol photocatalytic degradation in the presence of the sample AT-24. After every test, the film sample was washed with deionized water and dried at 80
• C. The formed anatase film with nanowire network structure exhibits a stable photocatalytic activity. Phenol removal was kept above 74% after 2 h irradiation in every test. This indicates that a fine attachment of the as-prepared titania film with the Ti substrate has been established. Unlike the suspended powder photocatalyst in aqueous purification, the anatase nanowire film formed in situ on the Ti plate can be simply recycled. And comparing with the titania film preparation through the sol-gel method, larger scale products can be obtained easily by this strategy. It can be expected that on optimizing the microstructure and introducing nonmetal doping, the titania nanowire films would be applicable in effective water treatment technology based on sunlight photocatalysis.
Conclusion
In summary, we have synthesized anatase TiO 2 nanowire films through in situ oxidizing of Ti plate in a mixture solution of concentrated H 2 O 2 and NaOH, followed with proton exchange and calcination. It is a facile approach for large scale production of the titania films. The porous surface morphology of the nanowire has been established by FE-SEM and the anatase phase has been characterized by means of XRD and Raman spectra. The mechanism of formation of the precursor titanate nanowire can be understood through the balance between dissolution and precipitation, which are synergetic effects of the concentrated H 2 O 2 and NaOH. The as-prepared TiO 2 nanowire thin films exhibited excellent photocatalytic activity and stability, which would be favorable for application in aqueous purification.
